Introduction
In the cochlea, sensory hair cells transduce sound stimuli into neural signals. Noise trauma or ototoxic insults cause damage and death of those cells, and in mammals hair cells cannot be replaced (Chardin and Romand, 1995) . The failure to replace hair cells results in permanent hearing loss and deafness. To date we know relatively little about the signaling pathways triggered by noise trauma or ototoxins, such as aminoglycoside antibiotics (Forge and Schacht, 2000) . One area of investigation has been the c-Jun N-terminal kinase [JNK; one of the mitogen-activated protein kinases (MAPKs)] pathway. JNK has been shown to be activated in hair cells as a result of aminoglycoside-and noiseinduced damage. Moreover, pharmacological prevention of JNK activation protects against hearing loss from those ototoxic insults (Pirvola et al., 2000; Wang et al., 2003; Matsui et al., 2004) . Other members of the MAPK family, the extracellularly regulated kinases 1 and 2 (ERK1/2), can be activated in response to cellular stress (Sachsenmaier et al., 1994) . In many cases, ERK1/2 activation is thought to act to promote cell survival (Xia et al., 1995; Arthur et al., 2006) . Less is known about the role of ERK1/2 during cochlear toxicity. Inhibiting ERK1/2 activation in cochlear explants was in itself capable of causing a loss of outer hair cells (OHCs) , and in addition, there was an enhancement of gentamicin-induced toxicity (Battaglia et al., 2003) . The properties and mechanism of ERK1/2 activation were not investigated directly, and there was no description of the effect on inner hair cells (IHCs), the primary afferent sensory cells of the cochlea.
Recently, we showed that mechanical damage to cochlear hair cells triggers changes in intracellular calcium ([Ca 2ϩ ] i ) signaling in the form of intercellular Ca 2ϩ waves Piazza et al., 2007) . ATP release from damaged cells triggers Ca 2ϩ mobilization and a regenerative release of ATP from supporting cells , perhaps via connexin hemichannels (Zhao et al., 2005) . In this way, cochlear supporting cells can be considered to act like glial cells because astrocytes respond identically to mechanical stimulation by releasing ATP (Newman, 2001) . When astrocytes were subjected to stretch-induced injury, ERK1/2 activation occurred in an autocrine manner via purinergic P2 receptors. The activation was reduced when Ca 2ϩ influx was diminished (Neary et al., 2003) . Signaling events downstream of intercellular Ca 2ϩ waves in the mammalian cochlea are unknown, although the activation of JNK signaling has been indicated . In the present study, we address whether the MAPK family members ERK1/2 are activated by damage in the neonatal mammalian cochlea; we examine the mechanisms of ERK1/2 activation in context of intercellular Ca 2ϩ waves and the role of ERK1/2 activation during cochlear trauma.
Materials and Methods
Cochlear isolation and culture. Cochlear coils were isolated from postnatal day 1 (P1) or P2 Sprague Dawley rats. The isolation was performed in accordance with United Kingdom Animals (Scientific Procedures) Act of 1986. Briefly, auditory bullae were removed and transferred into medium 199 (M199; Invitrogen, Paisley, UK) supplemented with penicillin (10 U/ml) and fungizone (25 ng/ml). To access the cochlea, the bulla was opened and freed from the surrounding cartilage. Stria vascularis and Reissner's membrane were removed and the cochlea cut into three pieces or turns. The cochlear turns were placed onto Cell-Tak cell and tissue adhesive (BD Biosciences, San Jose, CA)-coated MatTek (Ashland, MA) dishes. For coating, cell adhesive was diluted to 70 g/ml in 0.1 mM NaHCO 3 . The explants were incubated in DMEM/F12 (Invitrogen) that was supplemented with 5% FBS (Invitrogen) and maintained at 37°C in a 5% CO 2 /95% air atmosphere. After 1 d in culture, explants designated to study the mechanism of ERK1/2 activation or changes in Ca 2ϩ levels were incubated in HBHBSS (Ca 2ϩ /Mg 2ϩ -free HBSS supplemented with 10 mM HEPES, 1 mM Ca 2ϩ , and 1 mM Mg 2ϩ ) for the duration of the experiment. In some experiments, cochlear explants were incubated with inhibitors: U0126 (10 M; Merck Biosciences, Nottingham, UK), Raf kinase inhibitor 1 (10 M; Merck Biosciences), apyrase (40 U/ml), carbenoxolone (75 M), or a combination of apyrase and carbenoxolone, in each case for 30 min, and BAPTA-AM for 90 min before the experiment. The inhibitors were also maintained in the buffer during the damage protocol. U0126, Raf kinase inhibitor 1, and carbenoxolone were dissolved in dimethylsulfoxide (DMSO), and BAPTA-AM was dissolved in 10% pluronic in DMSO, for which appropriate vehicle controls were performed. Some experiments were performed in zero-Ca 2ϩ HBHBSS (zero Ca 2ϩ ), in which Ca 2ϩ /Mg 2ϩ free-HBSS was supplemented with 1 mM EGTA and 2 mM Mg 2ϩ . The explants were changed into buffer containing zero Ca 2ϩ ϳ5 min before onset of the damage stimuli.
Laser damage. Laser damage was used to investigate the time course and mechanism of damage-induced activation of ERK1/2. The lesions were induced using a Micropoint system (Photonic Instruments, Arlington Heights, IL). Briefly, the technique is based on a pulsed nitrogen laser (VSL-337 ND-S; Laser Science, Franklin, MA) emitting energy at 337 nm (70 kW peak output, 70 ns) that pumps a coumarin-filled dye cell. The dye emits a 440 nm beam onto steering mirrors that align and focus the beam through the lens onto the specimen. The intensity of the emitted light and thus the size of the lesions were adjusted with a graded neutral density attenuator plate. The laser beam was focused through a 40ϫ 1.3 numerical aperture (NA) Zeiss (Welwyn Garden City, UK) Fluar objective (oilimmersion) onto the second row of outer hair cells. Several pulses were sufficient to induce a lesion as shown in Fig. 1 A.
Needle damage. For some experiments, we required visualization of a larger area of the cochlear explants, and for this a 20ϫ 0.75 NA Zeiss Fluar objective was used. The laser ablation technique was less effective with the lower magnification/NA lenses, and therefore we induced mechanical trauma using a microneedle. The tip of the microneedle was positioned 15 m above the focal plane of the hair bundle of the second row of OHCs. Damage was induced by lowering the microneedle ϳ60 m using a remote-controlled piezoelectric manipulator (Scientifica, Uckfield, UK), holding it there for 2 s, and returning it to its original position above the tissue. Local ATP application. In a subset of experiments, the purine nucleotide ATP (10 or 100 M) diluted in HBHBSS, was exogenously pressure applied using a micropipette connected to a picospritzer. Micropipettes with a tip diameter of 2 m were pulled using a two-step electrode puller (Narishige, Tokyo, Japan). Nucleotides were locally applied for 10 s with a pressure of 6 psi, which did not activate mechanically induced Ca 2ϩ signals. At 5 min after application, explants were fixed for immunocytochemical labeling.
ERK1/2 immunocytochemistry. Cochlear explants were fixed at various time points (1, 2, 5, 10, 20, 30, and 60 min) after N 2 -laser damage (4% paraformaldehyde for 45 min). Fixed explants were washed three times in PBS (0.1 M), blocked with 10% goat serum in PBS (with 0.1% Triton X-100) for 1 h, and incubated overnight at 4°C with a mouse monoclonal antibody specific to dually phosphorylated ERK1/2 (1:1000; M8159; Sigma-Aldrich, St. Louis, MO). Anti-ERK1/2 was visualized with 2 g/ml Alexa 488 goat anti-mouse antibody (2 h at room temperature). The explants were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 1 M; 1 h at room temperature) and Alexa 546-or Alexa 633-phalloidin (33 nM; 1 h at room temperature). Z-stack images of 1.13 m thickness each were acquired with a Zeiss LSM 510 confocal microscope using 20ϫ Plan-Apochromat (NA, 0.75), 40ϫ Plan-Neofluar (NA, 1.3) or 63ϫ Plan-Apochromat (NA, 1.4) lenses. Laser excitation lines at 405 (DAPI), 488 (Alexa 488), and 543 and 633 nm (Alexa 546 and Alexa 633, respectively) were used. To semiquantify the activation of ERK1/2, images were acquired and prepared with the same acquisition settings. Averages were prepared using Lucida software (Andor, Belfast, UK), and the extent of the ERK1/2 spread was analyzed performing a line scan of the intensity profile along the rows of Deiters' cells and separately along the inner phalangeal cell rows using MetaMorph software (Molecular Devices, Sunnyvale, CA). To determine the cellular localization of activated ERK1/2, orthogonal projections and three-dimensional reconstructions were prepared using Zeiss LSM software. Intracellular Ca 2ϩ imaging. Changes in the cytoplasmic Ca 2ϩ concentrations were measured in cochlear explants using the ratiometric Ca 2ϩ -sensitive dye fura-2 AM. Fura-2 AM was dissolved in 10% pluronic in DMSO to a 3 mM stock solution. Explants were loaded with 3 M fura-2 AM in DMEM/F12 for 40 -50 min at 37°C in a 5% CO 2 /95% air atmosphere, washed four times in HBHBSS, and then placed at 25°C for 20 min. Experiments were performed at room temperature (20 -23°C) in HBHBSS. Fura-2 AM was alternately excited at 340 and 380 nm using a monochromator (Kinetic Imaging, Nottingham, UK). Epifluorescent light was passed through a 490 nm dichroic mirror and a 510 nm long-pass filter, and images were captured on a Sensicam LE 12 bit cooled CCD camera (PCO, Kelheim, Germany). IQ software (Andor) was used to control illumination and image capture. Needle damage was induced after collecting baseline data for ϳ20 s. Typically, three lesions, at least 300 m apart, were performed on a cochlear explant. The first "control" lesion was performed in HBHBSScontaining vehicle, and the second and third damage stimuli were performed in the presence of either BAPTA-AM (90 min) or zero Ca 2ϩ (ϳ5 min).
Changes in the 340/380 ratio (⌬R) are proportional to changes in cytoplasmic Ca 2ϩ levels ([Ca 2ϩ ] c ). Emission intensities for 340 and 380 excitation were determined in regions of interest placed 40 -60 (50), 80 -100 (90), and 120 -140 (130) m from the damage site (along the hair cell rows in both directions) using MetaMorph and exported into Microsoft (Redmond, WA) Excel, where ratios were calculated after background subtraction. Maximum Ca 2ϩ changes were determined for comparison between control and drug treatment.
Neomycin-induced hair cell damage. Neomycin was used to target hair cells specifically and investigate ERK1/2 signaling. In mouse cochlear explants, the basal to apical coil sensitivity of hair cells to aminoglycosides observed in vivo is maintained (Richardson and Russell, 1991) . Initial experiments in our laboratory confirmed that the differential sensitivity persisted in rat cochlear explants (data not shown). Therefore, only basal and middle turns were used for the present experiments. Neomycin (1 mM; 0.001% DMSO vehicle), neomycin with 10 M U0126 (0.001% DMSO), and neomycin with the inactive analog U0124 (10 M; 0.001% DMSO; Cell Signaling Technology, Danvers, MA) were applied to cochlear explants. Test solutions were equilibrated at 37°C (5% CO 2 ) for 20 min before use. Cochlear explants were washed four times in test solution before incubation at 37°C in 5% CO 2 /95% air for 8 h. Culture media were replenished at 4 h to avoid breakdown of test substances. After 8 h of incubation, explants were fixed for immunocytochemical labeling.
Confocal z-stacks (ϳ45 m; slice separation, 0.86 m) were acquired from two or three regions (460 ϫ 230 m) per cochlear explant. The number of pyknotic and healthy-appearing inner hair cell nuclei were determined using DAPI-labeled confocal z-stack images throughout the thickness of the cochlear epithelium. Condensed morphology and increased intensity were used to determine pyknosis. In some cases, there were extruded pyknotic nuclei, and these were included in the counts. Data are expressed as the number of pyknotic inner hair cell nuclei per 100 m.
In the mature mammalian cochlea, hair cell loss triggered by aminoglycoside treatment results in the formation of what have been termed epithelial "scars" (Forge, 1985; Raphael and Altschuler, 1991) . In these neonatal cochlear preparations, we have confirmed that neomycin treatment results in the formation of such scars at the epithelial surface in the place of inner hair cells (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
Chemicals. Fura-2 AM, BAPTA-AM, and AlexaFluor-conjugated secondary antibodies were from Invitrogen. All other chemicals were obtained from Sigma-Aldrich unless otherwise stated.
Sample numbers and statistical analysis. Data are presented as mean Ϯ SEM. Statistical analysis was performed using unpaired Student's t tests.
Results

Spatiotemporal characteristics of damage-induced ERK1/2 activation
To examine damage-induced signaling in the mammalian cochlea, an N 2 laser was used to ablate the hair cell region of neonatal cochlear explants, allowing precise timing of onset and control of the damage area. The ablation that results from this in vitro stimulus is qualitatively reminiscent of the lesion produced at the extremes of noise stimulation in vivo (Wang et al., 2002) . Using this method, we examined the spatiotemporal activation of ERK1/2 by fixing cochlear explants at various time points after laser ablation and staining with an antibody raised against the dually phosphorylated, i.e., activated form of ERK1/2. Figure 1 shows the pattern of ERK1/2 activation at 1, 10, 30, and 60 min after damage. There was little or no activation of ERK1/2 at 1 min after damage (Fig. 1 B) . On the contrary, 10 min after ablation a distinct pattern of phosphorylated ERK1/2 staining was observed with preferential activation occurring along the sensory hair cell rows (Fig. 1C) . By 30 min, ERK1/2 activation was restricted to cells that were adjacent or very close to the damage site, and by 60 min, ERK1/2 activation was back to baseline levels. To quantify the spread of ERK1/2 activation, we performed a linescan analysis along the length of the sensory hair cell rows. Lines were placed along the regions formed by the two types of hair cell, the outer and inner hair cells (Fig. 1F) . The outer hair cell region is composed of OHCs intercalated with equal numbers of their surrounding supporting cells, Deiters' cells. In the inner hair cell region, there are two types of supporting cells, the inner phalangeal and border cells along with the IHCs. ERK1/2 activation was observed to spread from the edge of the damage site as a function of time after ablation (Fig. 1G ). In the outer hair cell region, we observed that ERK1/2 were first activated at 2 min after damage, and by that time the activation had spread 27 Ϯ 12 m (n ϭ 9). Activated ERK1/2 spread farther from the damage site, reaching a maximum of 115 Ϯ 31 m 10 min after damage (n ϭ 5). The spread then declined, such that ERK1/2 activation was restricted to cells lining the damage site 30 min after damage (17 Ϯ 7 m; n ϭ 4) (Fig.  1D,G) , and at 60 min, ERK1/2 activation returned to baseline levels (Fig. 1E,G) . A similar transient activation pattern was seen in the inner hair cell region. ERK1/2 activation was first observed 2 min after damage extending 47 Ϯ 13 m (n ϭ 9). In contrast to the outer hair cell region, ERK1/2 spread reached a maximum 5 min after damage (92 Ϯ 10 m; n ϭ 21), and by 30 min after damage, it was restricted to the cells in immediate proximity to the damage site (22 Ϯ 13 m; n ϭ 4) (Fig. 1 D, G) . At 60 min after damage, ERK1/2 activation returned to baseline in the inner hair cell region.
Orthogonal projections and threedimensional reconstruction of confocal image stacks revealed the cell-specific nature of the damage-induced ERK1/2 activation (Fig. 2) . In the outer hair cell region, three rows of phalangeal processes of Deiters' cells projecting to the apical surface of the epithelium can be seen (Fig. 2 A, D,E) . Activated ERK1/2-positive cell bodies and nuclei of Deiters' cells were observed adjacent to unlabeled OHCs ( Fig. 2C-E) . Similarly, the phalangeal cells that surround IHCs exhibited ERK1/2 activation, whereas neighboring inner hair cells did not (Fig. 2 B) . In some cases, we observed activation in pillar cells, another supporting cell type. In contrast to the pattern of ERK1/2 activation that spread along the Deiters' and phalangeal cells, the activation in pillar cells always remained restricted to the proximity of the damage site. The subcellular distribution of activated ERK1/2 is thought to be crucial for its downstream effects. Activated ERK1/2 targets various cytoplasmic proteins, including myosin light chain kinase, m-calpain, and phospholipase A2 (Lin et al., 1993; Nguyen et al., 1999; Glading et al., 2004) , whereas the translocation of activated ERK1/2 to the nucleus results in the transcriptional regulation of immediate early genes (Hodge et al., 1998) . In the cochlea, 10 min after damage, activated ERK1/2 is found in the nucleus and in the cytoplasm of supporting cells (Fig. 2C-E) . ERK1/2 activation occurs in a classical manner via the activation of c-RAF and MEK1/2 ERK1/2 activation typically occurs after stimulation of cell surface receptors that activate MAPK kinase kinases, such as RAFs, which subsequently phosphorylate the MAPK kinases, MEK1/2. MEK1/2 then dually phosphorylate and activate the MAPKs, ERK1/2. Here, we determined whether damage-induced activation of ERK1/2 was also mediated through this classical activation cascade using a cell-permeant inhibitor of RAF1 (Lackey et al., 2000) and the MEK1/2 inhibitor U0126 (Favata et al., 1998) . When RAF1 was inhibited, the damage-induced activation of ERK1/2 was restricted to a few supporting cells adjacent to the damage site (Fig. 3B ). In addition, there was an increase in the basal level of ERK1/2 activation observed in the cytoplasm of hair cells and supporting cells throughout the explant, i.e., in undamaged areas. Application of the MEK1/2 inhibitor U0126 abolished basal and damageinduced activation of ERK1/2 (Fig. 3C,D) .
Mechanism of damage-induced ERK1/2 activation 1: ATP and spread
In astrocytes, stretch injury triggers the release of extracellular ATP, which acts on P2 receptors to activate ERK1/2 (Neary et al., 2003) . We have shown that hair cell damage triggers the formation of an intercellular Ca 2ϩ wave in cochlear explants that is dependent on the regenerative release of ATP ). Here we tested whether the damage-induced release of ATP was required for the activation and spread of the ERK1/2 signal in cochlear explants. The ATP-degrading enzyme apyrase (40 U/ml) significantly reduced the spread of ERK1/2 activation from the damage site along the rows of Deiters' cells (58 Ϯ 7 m; n ϭ 5) compared with untreated controls (148 Ϯ 18 m; n ϭ 9) (Fig.  4 A, B,E) . Apyrase also affected the spread of ERK1/2 activation along the phalangeal cells in the inner hair cell region [97 Ϯ 9 m (n ϭ 9) reduced to 69 Ϯ 2 m (n ϭ 5); p ϭ 0.074] (Fig. 4 A, B,E) . In all cases, apyrase treatment did not completely abolish ERK1/2 activation. It is possible that insufficiency reduced the effectiveness of the enzyme close to the damage site. However, another possibility is that spread of ERK1/2 activation along Deiters' and phalangeal cells can also occur in an extracellular ATPindependent manner. Extensive gap junction plaques and efficient coupling are observed in both of these cell types (SantosSacchi, 1986; Kikuchi et al., 1995; Forge et al., 2003; Jagger and Forge, 2006 ). Therefore we tested whether gap junctions could mediate the damage-induced spread of ERK1/2 activation using carbenoxolone (75 M), a gap junction blocker. Carbenoxolone significantly reduced the spread of ERK1/2 activation along the rows of Deiters' cells (23 Ϯ 7 m; n ϭ 4) and the rows of phalangeal cells (19 Ϯ 11 m; n ϭ 4) (Fig. 4C,E) , indicating that gap junctions are involved in the spread of a signal that activates ERK1/2. When apyrase and carbenoxolone were applied together, ERK1/2 activation was almost completely abolished in the Deiters' and phalangeal cells. In some explants, under those conditions, activation was observed in Hensen's cells, a supporting cell type situated lateral to the outer row of Deiters' cells (Fig.  4 D) . The combined apyrase and carbenoxolone treatment resulted in significant reduction in the ERK1/2 signal spread when compared with apyrase alone and carbenoxolone alone for the outer hair cell region. In the inner hair cell region, there was a significant reduction with the combined treatment compared with apyrase treatment alone (Fig. 4 E) . These results suggest that both ATP-dependent and gap junction-dependent mechanisms coexist and contribute to the damage-induced activation of ERK1/2 in the mammalian cochlea.
Extracellular ATP selectively and sufficiently activates ERK1/2 in supporting cells
Exogenous application of ATP was sufficient to induce ERK1/2 activation. ATP (10 or 100 M) was locally applied for 10 s in an attempt to mimic the damage-induced release of ATP from a group of cells. Five minutes after a 10 s application of 10 M ATP, ERK1/2 activation was observed in a few Deiters' cells (Fig. 5A,  arrowhead) . In contrast, 5 min after application of 100 M ATP, activation was observed in numerous cells. Activation was consistently observed along the length of the cochlea in the Deiters' and phalangeal cells surrounding hair cells but not in hair cells themselves (Fig. 5 B, Ci) . The pattern of ERK1/2 activation and spread in response to 100 M ATP was remarkably similar to that of damage-induced ERK1/2 activation (Fig. 1 C) . Thus, a brief exogenous application of ATP (100 M) is sufficient to activate ERK1/2 in supporting cells that surround hair cells, mimicking the spatiotemporal pattern observed during damage-induced activation of ERK1/2. Having observed ERK1/2 activation predominantly along the rows of Deiters' cells, we focused on determining the properties of the Ca 2ϩ wave along the hair cell region using a microneedle to damage that region. Microneedle damage elicited a Ca 2ϩ wave that spread into the outer sulcus region as described previously. The Ca 2ϩ wave also spread through the hair cell region, where cells local to the damage site responded with a rise in [Ca 2ϩ ] i and then an intercellular Ca 2ϩ wave spread from the damage site to cells farther along the length of the cochlea (Fig. 6 A) . We quantified the spread of the intercellular Ca 2ϩ wave by measuring fura-2 AM ratio changes in 20 ϫ 20 m regions of interest placed along the hair cell region 50, 90, and 130 m from the damage site. Damage triggered a transient rise in [Ca 2ϩ ] i that recovered to baseline within ϳ2 min. The maximum change in Ca 2ϩ was reduced as a function of distance from the damage site (Fig. 6 B) . ATP is known to bind to two main types of P2 receptor: the ionotropic P2X receptors and the G-protein coupled P2Y receptors. To test whether Ca 2ϩ entry through P2X receptors is required for ERK1/2 activation, we repeated the damage in zeroCa 2ϩ conditions (with 1 mM EGTA present). In the absence of extracellular Ca 2ϩ , the maximum Ca 2ϩ change was reduced to ϳ40% of control levels at all three distances measured (Fig.  6 A, C) . In the absence of Ca 2ϩ , ERK1/2 was still activated, but the signal spread was significantly reduced at 10 min after damage from 94 Ϯ 20 m in controls to 44 Ϯ 11 m in zero-Ca 2ϩ (Fig.  7 A, B,E) . The level of activation in zero-Ca 2ϩ was also apparently reduced, but this observation remains qualitative (Fig. 7 A, B) . 6C ) but did not reduce ERK1/2 activation ( Fig. 7C-E) .
Mechanism of ERK1/2 activation
Blockade of ERK1/2 activation can reduce hair cell death in neomycin-treated cochlear explants
Aminoglycoside antibiotics are a useful method for selectively triggering hair cell death (Forge and Schacht, 2000) , and recent work has suggested that a main entry site for these molecules is through the mechanoelectrical transduction channels (Gale et al., 2001; Marcotti et al., 2005) . After 8 h of neomycin treatment, we observed ERK1/2 activation in supporting cells surrounding damaged inner hair cells (Fig. 8) . At this time point, inner hair cells exhibited pyknotic nuclei, indicating cell damage and death (Fig. 8 A) , along with missing or disrupted stereocilial hair bundles (Fig. 8 B) . ERK1/2 activation was typically observed in clusters of phalangeal and border cells surrounding the inner hair cells. In some cases, single activated supporting cells could be observed (Fig. 8C,D) . In almost all cases, the activated cells surrounded pyknotic inner hair cells. Thus, neomycin and mechanical damage produced a similar pattern of ERK1/2 activation.
The role of damage-induced ERK1/2 activation is controversial. For the most part, it has been suggested to be a prosurvival factor (Xia et al., 1995; Guyton et al., 1996; Arthur et al., 2006) ; however, there is also evidence that it can promote cell death (Stanciu et supporting cells plays a role in hair cell death by inhibiting MEK1/2. When neomycin application was combined with U0126 (10 M), there was a significant decrease in the number of pyknotic hair cells compared with neomycin alone (Fig. 8E,F) . In control untreated explants, there are ϳ11 IHCs per 100 m section of a cochlear turn. In explants treated with neomycin for 8 h, there were 4.9 Ϯ 1.2 pyknotic IHCs per 100 m, whereas in the presence of U0126, the number of pyknotic IHCs was significantly reduced to 1.0 Ϯ 0.4 per 100 m. No activation of ERK1/2 was observed in the U0126-treated explants (data not shown). Coapplication of U0124 (an inactive analog of U0126) with neomycin had no effect on the number of pyknotic IHCs. These data show that preventing the activation of ERK1/2 during hair cell damage had a protective effect, significantly reducing inner hair cell loss, suggesting that the activation of ERK1/2 in supporting cells is a mediator of hair cell death.
A single transient activation of ERK1/2 in supporting cells is not sufficient to cause the death of surrounding hair cells
If ERK1/2 activation in supporting cells is sufficient for hair cell death, we might expect that mechanical damage should result in the death of hair cells bordering the damage site. In attempt to address this question, cochlear explants were laser ablated (which allowed sterility to be maintained) and returned to the incubator for 24 h before fixation. DAPI labeling of nuclei was used to determine the number of hair cells over a distance of 65 m from the edge of the damage site along the hair cell rows. Undamaged explants acted as controls and were fixed at the same time point. The number of IHCs did not significantly differ between undamaged controls (7.4 Ϯ 0.6 cells per 65 m; three explants) and damaged explants (7.3 Ϯ 0.8 cells per 65 m; eight lesions from three explants). However, the number of OHCs was significantly reduced from 25.1 Ϯ 1.1 cells per 65 m to 21.4 Ϯ 1.4 cells per 65 m. However, it was also noticeable that over the 24 h period there was a wound-healing response that effectively pulled hair cells in toward the healed area (Meyers and Corwin, 2007) . Both the initial damage and subsequent wound healing occurred primarily in the outer hair cell region, and there was little alteration in the inner hair cell region. However, ERK1/2 activation occurred in both of those regions (Fig. 1) . Thus, the simplest explanation is that cell rearrangements resulting from wound healing account for the small reduction in outer hair cell numbers recorded away from the damage site. The lack of effect in the inner hair cell region is consistent with this interpretation. Thus, a single transient activation of ERK1/2 in supporting cells alone does not appear to be sufficient to precipitate hair cell death as observed in neomycin-treated explants, indicating the involvement of other factors or signals.
Discussion
Here we demonstrate that ERK1/2 activation is a common damage signaling event in the neonatal cochlea. Damage-induced ERK1/2 activation occurs in a cell-specific pattern in response to mechanical damage, laser ablation, and neomycin-induced hair cell damage/death. Furthermore, we show that damage-induced ERK1/2 activation depends on release of extracellular ATP and a signaling component spread via, or at least requiring, functional gap junctions or connexin hemichannels. Extracellular application of ATP is sufficient to activate ERK1/2 selectively in supporting cells. ATP is known to underlie mechanically induced Ca 2ϩ waves in a number of tissues, including the cochlea (Newman, 2001; Gale et al., 2004) . Here, damage generates a Ca 2ϩ wave in the hair cell region, and a significant fraction of this wave results from Ca 2ϩ influx. Activation and spread of the ERK1/2 signal through the hair cell region is partially dependent on Ca 2ϩ influx. Finally, inhibiting the neomycin-induced activation of ERK1/2 reduces the number of pyknotic inner hair cells, suggesting that, in the neonatal rat cochlea, ERK1/2 activation in supporting cells promotes hair cell death.
Features and mechanisms of damage-induced ERK1/2 activation in cochlear explants ERK1/2 activation resulting from cell damage has been described in cell lines and in homogenous cell cultures (Dieckgraefe et al., 1997; Neary et al., 2003; Yang et al., 2004) . Less is known about ERK1/2 activation in tissues and organs. Excess light exposure can activate ERK1/2 in photoreceptors and surrounding Mueller cells but only in a subpopulation of neuronal cells (Liu et al., 1998) . A striking feature of the ERK1/2 activation observed here was its cell specificity, with activation being restricted to Deiters' and phalangeal cells, the direct neighbors of hair cells. Block by apyrase revealed a requirement for extracellular ATP for activation, and brief ATP application was not only sufficient to activate ERK1/2 in the cochlea but also mimicked the cell-specific pattern of damage-induced activation. This suggests that certain cells possess the appropriate receptors to respond to ATP and transduce it into an ERK1/2 signal. In astrocytes, damage-induced ERK1/2 activation occurs in a P2 receptor-and Ca 2ϩ -dependent manner (Neary et al., 2003) . We found that part of the ERK1/2 signal in the cochlea depends on Ca 2ϩ influx, indicating a role for the damage-induced Ca 2ϩ wave in this signaling and implicating ionotropic P2X receptors as potential mediators.
However, apyrase only partially blocked ERK1/2 activation, suggesting that ATP release was not the only mechanism for damage-induced ERK1/2 activation. The ERK1/2 activity remaining in the presence of apyrase was blocked using the gap junction inhibitor carbenoxolone. Cochlear supporting cells are connected by numerous gap junction plaques (Forge et al., 2003) , and therefore a damage-induced signal could spread through the network of gap junctions, contributing to the observed pattern of ERK1/2 activation. Possible mediators of a gap junction signal are Ca 2ϩ , IP 3 , cAMP, and cGMP (Bevans et al., 1998; Ayad et al., 2006; Bedner et al., 2006) . Treating organ explants with BAPTA-AM failed to prevent ERK1/2 activation; thus global Ca 2ϩ changes via gap junctions can be ruled out here. IP 3 is known to permeate through supporting cell gap junctions (Beltramello et al., 2005) ; however, the lack of effect of BAPTA again precludes this as a signal mediator. We know little about the activity of cAMP and cGMP in the cochlea, but these second messengers can modulate ERK1/2 activity in other systems (Vossler et al., 1997; Stork and Schmitt, 2002; Zaragoza et al., 2002; Yamazaki et al., 2005) . Another possibility, consistent with the effect of carbenoxolone, is that connexin hemichannels are required for activation of the ERK1/2 signal. Connexin hemichannels have been implicated in the spread of damageinduced Ca 2ϩ signals in the cochlea Piazza et al., 2007) , and cochlear ATP levels are modulated by hemichannel blockers, such as carbenoxolone (Zhao et al., 2005; Thompson et al., 2006) . Open hemichannels can mediate the release of ATP (Stout et al., 2002; Pearson et al., 2005) and permit Ca 2ϩ influx. A significant proportion of the damage-induced Ca 2ϩ wave in the hair cell region results from Ca 2ϩ influx, and in the absence of Ca 2ϩ , the spread of the ERK1/2 signal is significantly reduced, both of which can be explained by the activation of hemichannels or pannexins (Bruzzone et al., 2005) . Whether similar events occur in the adult cochlea during hair cell damage remains to be determined. However, it is known that cochlear ablation triggers the activation of ERK1/2 in the auditory brainstem (Suneja and Potashner, 2003) , and Deiters' cells continue to express P2X receptors into adulthood (Housley et al., 1999) . ERK1/2 activation in supporting cells is a common response to damage in the mammalian cochlea. The downstream signaling programs activated by ERK1/2 depend on the duration and its subcellular localization. In PC12 cells, transient ERK1/2 activation results in proliferation, whereas sustained activation induces differentiation (Cowley et al., 1994; Traverse et al., 1994) . In fibroblasts, a transient signal maintains their differentiated state, whereas sustained activation leads to transformation and tumor formation (Cowley et al., 1994; Mansour et al., 1994) . In cochlear explants, we observed transient ERK1/2 activation in responding cells; however, activation in cells close to the damage site was prolonged. Thus, different downstream programs could be activated in cells depending on their proximity to the original damage site or damaged cell. Furthermore, we observed localization of activated ERK1/2 in both the cytoplasm and the nucleus. In the cytoplasm, ERK1/2 target molecules involved in migration or cytoskeletal remodeling (Klemke et al., 1997; Nguyen et al., 1999; Glading et al., 2004; Mitsushima et al., 2004) . Cytoplasmic ERK1/2 can also modulate gap junction function (Brandes et al., 2002) and activate phospholipase A2 (Lin et al., 1993; van Rossum et al., 2001) . Translocation of phosphorylated ERK1/2 dimers to the nucleus is required for the activation of transcription factors, such as Elk-1, leading to expression of immediate early genes, including c-fos and junB (Hodge et al., 1998) . These AP-1 family members are upregulated after noise trauma to the cochlea (Matsunobu et al., 2004) , and in large-scale gene expression profiles of damaged and regenerating avian hair cell epithelia, AP-1 was one of seven clearly identifiable transcription factors (Hawkins et al., 2007) .
Spatiotemporal profile of damage-induced ERK1/2 activation
ERK1/2 activation in supporting cells promotes hair cell death in the cochlea
Selectively damaging hair cells with neomycin produced a similar pattern, in which supporting cells surrounding hair cells exhibited ERK1/2 activation. Using this paradigm, we were able to test the function of ERK1/2 activation. MEK1/2 inhibition significantly reduced the number of pyknotic inner hair cells measured after 8 h of neomycin. It is possible that ERK1/2 activation is directly involved in cell death pathways within hair cells. However, (1) we observed little or no activation of ERK1/2 in hair cells [counts of ERK1/2 activated cells from 11 different cochlear explants showed that ϳ96% were supporting cells, with the remaining likely to be hair cells (data not shown)]; and (2) in experiments using hair cells isolated from guinea pigs, there was no effect of ERK1/2 inhibition on the time course of cell death after neomycin exposure (our unpublished observations). When we combine the cell specificity of ERK1/2 activation with the protection observed with MEK1/2 inhibition, the simplest, yet surprising, conclusion is that, under certain conditions, supporting cells act to promote hair cell death. On this basis, we suggest that after reaching a critical stage of toxicity, hair cells signal their impaired integrity through the release of ATP to surrounding supporting cells, thereby activating ERK1/2 and triggering a wound repair response. Supporting cells are known to be essential for the repair of damaged hair cell epithelia (Forge and Li, 2000; Gale et al., 2002; Abrashkin et al., 2006; Hordichok and Steyger, 2007) , but such a direct role in hair cell death has not been shown. Such a wound repair response would require the induction of cell motility via ERK1/2 activation, and this would be consistent with observations of cells migrating in an ERK1/2-dependent manner (Huang et al., 2004) . However, a single transient activation of ERK1/2 alone does not appear to be sufficient to precipitate hair cell death, indicating the requirement of another factor(s) or perhaps the repetitive activation of ERK1/2. Additional investigation is required to determine whether similar events are triggered in supporting cells in the adult cochlea and whether the mechanism described here contributes to hair cell death described in vivo. Given that noise trauma increases the endolymphatic concentration of ATP in guinea pigs (Munoz et al., 2001) , it is possible that the cell death resulting from such trauma is, at least to some extent, ERK1/2-and supporting cell-mediated. Whether ERK1/2 are potential therapeutic targets is debatable, because long-term blockade of MEK1/2 (ϳ48 h) causes hair cell death (Battaglia et al., 2003) , suggesting that basal levels of ERK1/2 activation in hair cells are crucial for survival. In summary, damage induced the cell-specific activation of ERK1/2 via release of ATP, and blocking ERK1/2 activation abrogated neomycin-induced hair cell death. It is possible that under certain conditions, the drive for supporting cells to maintain the epithelial barrier results in them directly promoting hair cell death. Additional work is required to understand this new active role for supporting cells and the complex nature of cell-cell signaling in hair cell epithelia.
